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A vapour cloud grows by diffusion acquiring a Gaussian

concentration distribution. I'ts maxi mum expl osi ve potenti al
occurs when the concentration at the centre equals the upper
flammable linit. Its danage potential is usually calculated

froma TNT equivalent; a possibly preferable method is based
upon the production of a maxi mum pressure of 69 kN nf (10 psi)
at the periphery. Propagation laws for shock waves in air
enabl e damage at a distance to be estinated.

| NTRCDUCTI ON

The disaster at Flixborough was due to the expl osion of a massive cloud of

i nfl anmabl e vapour followi ng an accidental release. The expl osive potential of
such a cloud depends upon the quantity of vapour in the cloud which is available
for rapid conbustion. Thi s changes as the cloud noves downwi nd

Gaussi an distribution of concentration

When a large quantity of vapour is released instantaneously it forns a cloud
whi ch develops ultinmately into a hem sphere in which the vapour concentration
assunmes a Gaussian distribution of the form
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assuming isotropic conditions and that the rel ease was near ground |evel over
a flat terrain.

The first termis the concentration at the centre,:{c, so that
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Quantity of vapour in an annul us

The quantity of vapour in the annulus between k& and (h+dxn ) is

Q@ = g_*ﬁ'h’xa exp nvAac ) o . . g % 5 (4)
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Integrating (4) between h =o and h = o= gives
Lot
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Hence the expression in (4) nmay be integrated between any chosen linits to
obtain the absolute quantity of vapour in the region between radii h, andh,

The cloud can be uniquely specified by the total amount of vapour, Q and the
standard deviation, o

The definite integral of (4) cannot be obtained analytically but may be obtained
by the use of published tables for the normal distribution.

It may be noted that the distribution of vapour in the cloud (as distinct from
its concentration along a radius) is not Gaussian as can be seen by cal cul ating
the second and fourth nmonents about the nean of a spherical cloud and deriving
the kurtosis coefficient
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Since @B, is much less than 3 the curve is markedly platykurtic, or flattened
and spread-out. This follows, of course, fromthe fact that the vol ume of an

annul us increases as the square of the radi us.

Maxi mum avai | abl e for conbusti on

If X, andXy are the concentrations at the upper and lower flanmable linits it
can be shown that the maxi rumquantity of flanmmable m xture occurs when the
concentration at the centre is X, or when

X, =Ky,

Substituting from equation (3)

X o= 2Q/(e=" o
v Y3
o, = 12@ /(2% x3

(5)

112



. CHEM E SYMPOSI UMSER ESNb. 49

Radi us of conbusti bl e zone

Havi ng obtained <. the standard devi ation, when the cloud presents the naxi num
hazard, it is possible to find the radius k; at which the concentration is at
the lower flammable linmit,

Xy = X, exp |-y /2050]
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Integral at maxi num hazard

Substituting X, =X, and o = .. in expression (4) and integrating between the
limts h=©o and h =h; Wil give the quantity of vapour available for
conbustion when the cloud presents its greatest hazard.
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In order to conpute this, e.g. by Sinpson's rule, it nmay be noted that it may be
rewitten in the form
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where the expression in curly brackets is the normal distribution of which the
ordinates are tabulated in the statistical literature.

Thus the maxi num potential of the cloud may be determined in terns of the
quantity of vapour released and the upper and lower flamability limts.

Positi on of cloud

The position of the centre of the cloud at this tine may be estinated by
assuming that it originates as a point source and adopting Sutton's equation
(1) for diffusion of an instantaneous cloud originating at a point.

The familiar Sutton equation is
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Val ues of standard deviation and distance fromorigin

Conpari son of equations (1) and (9) gives

X 2w/
g = C(ut) L/ ; ; : - : . = (10)

If linear dinensions are in netres the values for the constants for neutral
at nospheric conditions are C = 0.14 and n = 0. 25. Inserting these values in
(10) gives
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2813
G = O (ul)

Since w is the nean wind velocity and kt the time fromrelease,{ut)is the distance
of the centre of the cloud fromorigin =%

a-819
& = o4 x
Rende
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At maxi num potential o =35, given by equation (5) so the position of the cloud
and the ground region |lying under the flamable zone are defined by »x neasured
downwi nd from the source and a radius given by h, in equation (6).

It is of interest to note that x> is independent of the wind velocity. It
depends only on @ and the upper flamrable limt.

Typi cal value of F Q

Eval uation of the equations for a typical vapour, such as a hydrocarbon, for
which the ratio of upper to lower flammable limts is in the range 4-6, shows
that F/Q = % approx., that is a maxinumof about two thirds of the total release
is available for conbustion.

Gowh of cloud prior to nmaxi mum hazard stage

Before the maxi mum state is reached the quantity in the flanmmabl e range increases.
Initially it may be taken to be zero. If ignition occurred inmmediately on

rel ease (provided there was no turbulent mxing by jet effects) the cloud would
burn as a diffusion flame around its periphery.

The growth of the cloud may be followed by integration fromthe Sutton equation.
However for nost practical purposes an approximation for the quantity of vapour
within the flanmable limts may be obtained by assunming that it follows a
straight line path fromzero at origin to the value given above at the maxi mum
poi nt . Thereafter the quantity falls off fairly rapidly.

EXPLCSI VE POTENTI AL

FI'i xborough and simlar accidents have shown that when a large cloud of
i nfl ammabl e vapour is ignited it can produce an explosion with damagi ng pressure

ef fects. It seens certain that for this to occur the cloud nmust be large -
tonnage quantities. Smal | er clouds produce a fire-ball with little or no
pressure effects. There is no clear indication of the dividing line between
the two sizes. It is probably several tons.

No satisfactory explanation has been put forward for the mechani sm whereby
pressures are produced in a burning unconfined cloud. It can be shown that
a fast nmoving flame front produces a pressure but there is no theoretical or
practical study to explain howa flanme front may accelerate to a velocity
sufficient to yield pressures of the order experienced in the accidents.

The TNT equi val ent

To overcone this deficiency the damage potential of a cloud is generally
assessed by the so-called TNT equival ent. A wei ght of TNT, which generates
1.1 kcal/gram on explosion, is calculated such that its energy is equal to the
avail abl e conbustion energy of the cloud.

Si nce nmost hydrocar bons produce on conbustion about 10 kcal /gram the TNT
equi val ent woul d be about 10 times the weight of vapour in the cloud. Experience
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has shown that this is a gross overestinmate by a factor of perhaps 20 x or nore.
An efficiency factor of 0.04 has been suggested by Brasie and Sinpson (2) on the
basis of the damage caused in several accidental expl osions.

Over-estimation of danmage under cloud

The nost serious defect of the TNT equivalent nmethod is that it gives a
completely misleading estinate of the danage to be expected in the area envel oped
by the cl oud. TNT det onat es. This inplies extrenely high pressure shock waves
at short distances with conplete destruction of practically everything within the
area covered by the cloud. This does not occur with a vapour expl osion. Many
relatively weak structures are found standing after the expl osion. In fact
there is very strong evidence that a vapour cloud does not detonate.

Separ ate danmage regions within cloud and externa

Exam nation of the danage at Flixborough and el sewhere shows that there are two
regions to be distinguished : the region enveloped by the cloud and the region
beyond the periphery of the cloud.

In the region envel oped by the cloud the general degree of damage suggested
overpressures of a few tens of pounds per square inch where the TNT equival ent

woul d have indicated pressures of hundreds of pounds per square inch. There
were a few "pockets" of higher pressures - up to perhaps 500-700 kN nf (70-
100 psi) - due presumably to local effects asa result of confinenment or
implosion - but these were still well bel ow detonation pressures.

At the periphery of the cloud the damage was consistent with a pressure of about
69 kN/ n? (10 psi) which then propagated outwards in accordance with the well -
established laws for the propagati on of a shock wave in air.

Expl osi on of 10 Kkg. of propane

4
As an exanple we will consider the effects of an accidental release of 10 kg.
(10 tons) of propane.

If this were mixed with air uniformy to forma hem spherical cloud in
stoichionetric proportions it would forma cloud of radius 41.5mand have a TNT
equi val ent of 10° x E kg. where E is the efficiency factor

Taking E = 0.04, the suggested value, this would inply pressures in excess of
140 kN nf (20 psi) in a region 60macross with conplete devastation and a
crater 25macross - effects which are certainly not produced by the explosion
of a cloud of this size.

Over-pressures at a distance

The pressures to be expected at greater distances on the basis of the TNT
equivalent are plotted in Fig. 1.

Using equations (5) and (6) we obtain <7, = 18.8m and h; = 31.3m. Thi s means
that initially the periphery of the conbustible portion of the cloud would be
at aradius 31.3mfromits centre. From equation (11) the centre would be
390m from ori gi n.

During conbustion the cloud expands by a linear factor of about 2 so that when
the flame front reaches the periphery the radius is now about 60m

V& now postulate that it produces an overpressure of 69 kN nf (10 psi) at this
expanded radius and on this basis calculate the outward propagation. The
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result is also plotted in Fig. 1.

The nechani sm whereby the pressure is produced at the periphery is indicated by
Kuhl , Kanel & OCppenheim Their relationshi ps suggest that the flane speed

must be about 40m sec, to give 10 psi. Presumably this is effected partially
by the expansion of the conbustion products and partially by a self-accelerating
process. Possi bl e mechani snms will be di scussed el sewhere.

Pressures at shorter distances

It is to be expected that acceleration of the flame speed will be exponential.
In that case the pressure at distances |less than the expanded radius of the cloud
woul d be represented approxi mately by the broken line in the figure. The

peri pheral pressure from snaller or larger clouds would lie along this line or
its extension.

Since the dianeter of the cloud and its explosive potential is proportional to
the cube root of the weight of vapour the peripheral pressure is relatively
insensitive to changes in weight. As an exanple the curves for 5 x 10° gram
(5 tons) and 2 x 10’ gram (20 tons) of propane have al so been plotted

For these reasons it seems reasonable to take 69 kN nf (10 psi) as the

peri pheral pressure in assessing the nmaxi num potential of a cloud unless there
are reasons to believe that the quantity rel eased and capable of formng a
continuous cloud is an order of nagnitude |arger than this exanple.

Pressures within the cloud

The broken line, between zero and 10 psi in the figure may be taken as an

i ndi cation of the build-up of pressure as the flane front advances. It
probably overestinmates pressures, particularly at the lower end, since it has
been established that small clouds produce little or no pressures.

On the other hand locally pressures may be greatly in excess. In a built-up
area, and particularly in a chem cal production conplex, there are generally
anpl e opportunities for higher pressures to be devel oped as a result of
confinement, reflection of shock waves, and inpl osions. Experi ence suggests
that these |ocal pressures may be as much as 700 kN nf (100 psi).

Extrene range of conbustible cloud

The cloud ceases to contain any conbustible m xture when the concentration at the

centre X, =X, , the lower flammble lint.

If o7 is the standard deviation when the cloud becones inert, from equation (5)

T = DOwm.
and the position of the centre x; neasured fromorigin is from equation (11)
X,z bEim.

v

It can be shown that during the travel of the cloud to this position the
periphery of the flanmable zone does not pass the point x; = 667m, Thus the
cloud cannot be ignited by a source of ignition Iying at a greater distance
than this.

The tine taken for the cloud to becone inert is given by putting »; = (\C )
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DAMAGE TO STRUCTURES

The response of structures to dynanmic |oading by shock waves in air has been
extensively studied for mlitary purposes. The results are generally expressed
as the damage to be expected froma shock of a specified peak over-pressure.

This is an approximation. Darmage is dependent not only on the peak pressure
but also on the tine constant of the pressure decay and on the natura
vi brational frequency of the structure. However, for practical purposes this

may be ignored, and the followi ng val ues be used

Pressure Damage
psig. kN/m2
0.03 0.2 Occasional breakage of glass windows
.] 0.7 breakage of some small windows
0.3 2 probability of serious damage beyvond this point = 0.05;

10% glass broken
0.4 3 mineor structural damage to buildings

1.0 7 partial demolition of houses, uninhabitable;
corrugated panels displaced

2.0 L4 partial collapse of house walls and roofs

3.0 20 stecl frame buildings distorted, pulled from
foundations

4,0 28 0il storage tanks ruptured

5.0 35 wooden utilities poles snapped

6.0 42 nearly complete destruction of houses

7.0 50 loaded wagon traing overturned

10.0 70 total destruction of buildings; heavy machine

tools moved and damaged; very heavy machine
tools survived.

SYMBOLS USED

¢ = Sutton's diffusion constant (m.)

E = efficiency factor for TNT equivalent

F = gquantity of vapour in combustible region (g)

n = Sutton's meteorological constant (dimensionless)
Q = total quantity of vapour in cloud (g)

r = radius (m)

t = time (sec.)

117



I. CHEM.E. SYMPOSIUM SERIES No. 49

? 2
v = variance (m")

X = distance of centre of cloud from origin (m)

¢ = standard deviation of concentration distribution (m)
G, = s.d. when cloud is at maximum potential (m)

X = wvapour concentration (g/mz)

X,= vapour concentration at centre of cloud (g/rnz)

X, = vapour concentration at distance h from centre (g/mz)
Xu= upper flammable limit (g/mz)

X¢= lower flammable limit (g/mz)

Vo= n th. moment about the mean (™)

fi.‘ = kurtosis coefficient (dimensionless)
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Fig. | Pressures from a propane cloud
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